The tendency for nitrogen deficiency in cubic Cr-Mo-N and Cr-W-N solid solutions is predicted by a comprehensive evaluation of the lattice spacing, mixing thermodynamics, and elastic properties using first-principles calculations and experimentally confirmed by means of X-ray diffraction. A major conclusion is that these systems exhibit significant amount of N vacancies whose amount scales linearly with the TM content, hence making the 
Introduction
The paramagnetic chromium nitride (CrN) with cubic B1 structure (NaCl prototype, space group Fm 3 m) is one of the most important transitional metal nitrides (TMN), and not just used as a protective coating due to its superior wear, corrosion and oxidation resistance [1] . In order to further tune the structural, mechanical, and tribological properties to diverse service conditions, alloying with other elements has proven to be an effective concept [2] [3] [4] . Specifically, alloying molybdenum (Mo) or tungsten (W) into CrN coatings has been confirmed to be effective to improve the tribological properties and toughness [5, 6] . The ability of Mo and W to form Magnéli phase oxides can be used to prepare materials with solid lubricant potential, which significantly reduce the coefficient of friction for example [7, 8] .
The present work is also motivated by the controversial results in literature. Recently, Quintela et al. [9] pointed out that even very small additions of only ~1 at.% of Mo or W to CrN, lead to a spontaneous phase segregation into Mo-and W-rich regions. Contrary, Kwang et al. [10] stated that cubic Cr-Mo-N coatings with Mo content less than 30.4 at.% are a substitutional solid solution of (Cr, Mo)N. Other reports state that deposited cubic Cr-Mo-N and Cr-W-N coatings undergo decomposition into cubic B1-CrN and -Mo 2 N or -W 2 N [5, [11] [12] [13] .
The controversy is mainly due to the similarity of crystallographic structures of cubic B1-CrN and -TM 2 N, which makes their XRD peaks very close and finally difficult to distinguish whether the coating is a mixture of B1-CrN+-TM 2 N or a cubic (Cr, TM)N solid solution, with TM being Mo or W [5] . Although the binary nitrides cubic B1-MoN and B1-WN are mechanically unstable [14] , they are used as the boundary systems for cubic B1-(Cr, TM)N with nitrogen contents of constantly 50 at.%, as always reported [10, 15, 16] . By adjusting the N 2 gas partial pressure during the sputtering deposition process, the atomic ratio N/metal can be even above 1 for cubic (Cr, Mo)N or (Cr, W)N thin films [11, 17] . Employing a pair distribution function analysis of nearest neighbor distances between atoms, Shen et al. [18] , stated that the excessive nitrogen atoms in overstoichiometric WN x thin films were present in the grain boundaries of -W 2 N, not at the vacant octahedral sites.
The significant deviation for the lattice parameters of cubic Cr 1-x TM x N (TM = Mo or W) between theoretical and experimental data in our previous work [6] also suggests that the vacancies in these cubic Cr 1-x TM x N solid solutions play an indispensable and significant role. In order to clarify these controversies, we have performed a comprehensive investigation on understoichiometric cubic Cr 1-x Mo x N y and Cr 1-x W x N y solid solutions by the evaluation of the structural and mechanical properties using first-principles calculations. The results are compared with experimentally obtained lattice parameters of sputter deposited Cr 1-x Mo x N y coatings.
Methods

Calculation details
Density Functional Theory (DFT) based calculations are performed using the Vienna Ab initio Simulation Package (VASP) [19, 20] . The ion-electron interactions are described by the projector augmented wave method (PAW) [21] and the generalized gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE) [22] is employed for the exchangecorrection effects.
In order to simulate the chemical disorder between Cr and TM atoms on the metal sublattice of the cubic B1 structure, and also the paramagnetic state induced by Cr atoms, we used the Special Quasi-random Structures (SQS) approach [23] as implemented and tested in our previous studied CrN-based systems [6, 24, 25] . The content of nitrogen vacancies is assumed to be dependent on the composition of -TM 2 N, and the chemical formula Cr 1-x TM x N 1-0.5x (a linear combination of cubic B1-CrN and -TM 2 N) is used to describe the cubic (Cr, TM)N solid solutions. The full compositional profile for the nitrogen vacancies, i.e., varying Cr/TM ratio on the metal sublattice and vacancy content on the nitrogen sublattice (which is similar to Refs. [26, 27] ), was not accounted for. This is due to the fact that it is very difficult to incorporate more nitrogen atoms into vacant octahedral sites in -TM 2 N [18, 28] . 222 supercells containing 64 atoms are used for the Cr 1-x TM x N 1-0.5x in the present work. The short range order parameters (SROs) are optimized for pairs at least up to the fifth coordination shell. The stress-strain method used in our previous work [6, 25] is employed to evaluate the elastic properties of Cr 1-x 
Monkhorst-Pack grids [29] of 555 k-point mesh is used for the 64-atoms supercells. All the calculations were performed with plane wave cutoff energy of 500 eV, hence guaranteeing with an accuracy in the order of meV per atom.
Experimental details
All coatings in this study were deposited using a modified DC magnetron sputtering system Leybold Heraeus Z400. In order to vary the chemical composition, cubes of Cr (99.99% purity, 3x3x3mm) were uniformly arranged on the race track of a Mo target (99.99% purity and 75 mm in diameter), and reactively sputtered in a mixed N 2 /Ar atmosphere onto single crystal silicon (100) and austenite substrates. Before the deposition, the chamber was evacuated to a high vacuum of 5•10
Pa, and a constant total pressure of 0.35 Pa was kept during all sputtering processes. The substrate temperature of 450±20°C guaranteed for a dense columnar growth microstructure. This temperature regime corresponds to an homologous temperature T/T m ~0.3 [30] and thus belongs to the transition zone T according to Thornton's zone model [31] . The glow discharge current was set to 0.4 A.
Phase analyses were performed using an X-ray diffractometer Philips X'Pert with monochromized Cu K α radiation. The lattice constants were obtained by fitting the peak positions in the diffraction patterns, which are recorded in Bragg-Brentano geometry. Elemental composition was determined by means of energy dispersive X-ray spectroscopy (EDXS) using a FEI Quanta 200 FEGSEM scanning electron microscope equipped with a Schottky emitter, which provides an excellent spatial resolution of about 2 nm. Indentation moduli were measured with a UMIS unit using a Berkovich diamond tip and applying loads between 3 and 45 mN. The
Young's moduli were evaluated according to the procedure after Oliver and Pharr [32] , and plotted as a function of the penetration depth. The best estimation of the film-only elastic modulus can be achieved by extrapolating the measured data back to a zero penetration depth [33] . In order to verify the obtained results of the elastic moduli, series of measurements were carried out on different reference samples with well-known values of Young's modulus. The coatings on austenite substrates were used due to the better adhesion, since even microscopic delamination will influence the evaluation of the Young's modulus. Previous theoretical calculations have illustrated that the mixing enthalpies of Cr 1-x TM x N with respect to cubic B1-CrN and TMN are in contrast with experimental observations [6] , and thus cannot be used to evaluate the phase stability of cubic Cr-Mo-N and Cr-W-N systems. In an earlier work, we have argued that this is because cubic B1-MoN and B1-WN are mechanically unstable, and therefore lead to the anomalous negative mixing enthalpies [6] . Therefore, we have suggested that using CrN+TM 2 N+N 2 as the reference state for evaluating the mixing enthalpies of Cr 1-x TM x N is more meaningful [6] . Although the mixing enthalpies of Cr 1-x TM x N, when using CrN+TM 2 N+N 2 as the reference state, predict the possibility of isostructural decomposition, the description is not really correct, as the large substoichiometry of nitrogen in Cr-Mo-N and Cr-W-N solid solutions is not taken into account.
Results and discussion
Therefore, in addition to our previous studies also the mixing enthalpies of cubic Cr 1-
x Mo x N 1-0.5x and Cr 1-x W x N 1-0.5x are evaluated with respect to cubic B1-CrN and -TM 2 N (Fig. 3) .
Consequently, these materials correspond to the quasi-binary tie line CrN-Mo 2 N and CrN-W 2 N.
Inspired by recent works [24, 40] , showing that the strong electron correlation effects play a crucial role on the phase stability, the local density approximation (LDA) plus a Hubbard U-term method within the framework of the Dudarev formulation [41, 42] are mainly due to the significantly larger covalent radii of Mo (1.45 Å) and W (1.46 Å) as compared with Cr (1.27 Å) [43] . Although our data explicitly address only certain content of nitrogen vacancies (corresponding to the Cr 1-x TM x N 1-0.5x chemical formula), they represent the lower limit of the mixing enthalpies of cubic Cr 1-x Mo x N 1-y (with y < 0.5x). This conclusion is also based on experimental observations showing that it is extremely difficult to incorporate more nitrogen atoms into -TM 2 N. Actually, for nitrogen contents above 50 at.%, the -TM 2 N transforms into other structures [28, 37] . The large positive mixing enthalpies for Cr 1-x Mo x N 1-0.5x
and Cr 1-x W x N 1-0.5x are comparable to the well-investigated Ti 1-x Al x N system with a maximum mixing enthalpy of about 0.11 eV/atom, which experiences a spontaneous spinodal decomposition into coherent cubic domains of AlN and Ti-enrich Ti 1-x Al x N [44] . This implies that cubic Cr-Mo-N and Cr-W-N systems show great tendency towards isostructural phase decomposition and by near-equilibrium deposition techniques it will be difficult to synthesize single phase cubic Cr 1-x Mo x N 1-0.5x and Cr 1-x W x N 1-0.5x solid solutions. This is consistent with recent experimental observations, showing that even for the lowest concentrations (~1 at.%), spontaneous phase segregation into Mo-and W-rich regions occurs [9] . We envision that the deposited Cr-TM-N thin films were misleadingly evaluated as single phase cubic solid solutions [10] [11] [12] , because it is difficult to distinguish the cubic B1-CrN and -TM 2 N just from conventional XRD measurements due to their similarity in lattice parameters. Based on our results we can conclude, that the huge positive mixing enthalpies clearly provide a strong explanation for the large tendency for isostructural phase decomposition in Cr-Mo-N and Cr-W-N systems. The B1-CrN and -Mo 2 N or -W 2 N phases may not be mixed with each other under near-equilibrium conditions. However, by physical vapor deposition, especially when using only moderate substrate temperatures (below 0.3 of the melting point of the prepared coating), solid solutions far from the thermodynamic equilibrium (i.e., metastable and even thermodynamically unstable) can be realized [3] . The calculated elastic constants C 11 , C 12 , and C 44 , for cubic Cr 1-x Mo x N 1-0.5x and Cr 1-x W x N 1-0.5x solid solutions (Fig. 4) , fulfill the corresponding Huang-Born stability criteria [45] . Deposited thin films usually have a fibrous growth texture with a preferred orientation along a certain <hkl> direction perpendicular to the substrate surface [46] . Therefore, we calculated directionally dependent Young's moduli, E hkl, for cubic Cr 1-x 
